Abstract-This paper presents a new design for a superconducting linear motor (SLM). This SLM uses stacks of second-generation (2G) superconducting tapes, which are responsible for replacing yttrium barium copper oxide bulks. The proposed SLM may operate as a synchronous motor or as a hysteresis motor, depending on the load force magnitude. A small-scale linear machine prototype with 2G stacks was constructed and tested to investigate the proposed SLM topology. The stator traveling magnetic field wave was represented by several Nd-Fe-B permanent magnets. A relative movement was produced between the stator and the stack, and the force was measured along the displacement. This system was also simulated by the finite element method, in order to calculate the induced currents in the stack and determine the electromagnetic force. The H-formulation was used to solve the problem, and a power law relation was applied to take into account the intrinsically nonlinearity of the superconductor. The simulated and measured results were in accordance. Simulated results were extrapolated, proving to be an interesting tool to scale up the motor in future projects. The proposed motor presented an estimated force density of almost 500 N/kg, which is much higher than any linear motor.
a rare earth material) ceramic layer of 1-2 μm thickness above a metallic substrate. Commercial 2G tapes with 12 mm wide and a total thickness of 0.1 mm can present a critical current of 600 A at 77 K and self-field. 1, 2, 3 Those properties make the 2G tapes a promising material to be used in power electric equipment, including electric machines. Several designs of superconducting motors and generators have been previously presented in the literature [1] [2] [3] . In most part of the published works the superconducting material was arranged in the form of coils; however, bulk superconductor with trapped field can also be used for electric machines [4] [5] [6] . Stacks of 2G tapes have been proposed as a potential substitute of bulk superconductors [7] [8] [9] . The literature also presents the 2G tapes stacks in several different applications, such as cables [10] [11] [12] [13] , rotational electric machines [14] , [15] , superconducting levitation [16] [17] [18] [19] , etc. The advantages of 2G tapes in relation with bulks are its higher robustness, the ability to transport high electric current, the number of available manufacturers, and large-scale production.
A novel type of linear superconducting motor using 2G tape stacks is proposed in this paper. The understanding of this motor can be simplified by the schematic shown in Fig. 1 . A three-phase stator is responsible to produce a traveling magnetic field, as described in the basic books of electric machines [20] . Magnetic field is trapped in the pinning centers of the superconductor stack. At synchronous speed (v s ) the stack follows this field due to the pinning forces, producing a force in the same direction of the movement, named here as F pinning . If a mechanical load is connected to the stack, a load force (F load ) appears in the opposite direction of the traveling magnetic field wave. If F pinning > F load , the stack will move in the synchronous speed and the motor operates as a synchronous machine. However, if F pinning < F load , there is a slip and the stack moves slower than v s . In this case, the traveling field leads the superconductor to a hysteresis cycle and due to it the machine is named as a hysteresis motor. In the case of the hysteresis operation mode, there are losses produced by the hysteresis cycle.
Below its critical temperature (T c = 92 K), the easiest way to cool down the superconductor is using liquid nitrogen (LN 2 ). In the case of a linear motor for practical application, the stack must work inside a cryostat with a vacuum chamber. A similar kind of cryostat was designed for MagLev vehicles using superconducting linear bearings [21] . The proposed cryostat for the superconducting motor is presented in Fig. 2(a) . The cover has two through tubes for inlet and outlet of LN 2 into the vessel. The mechanical load is connected at the top of this cover. Fig. 2 (b) presents a schematic with a section of the three-phase stator, which has Y-connected windings. When these windings are fed by a three-phase power source, a magnetic field traveling wave is produced in the gap region, where the lower part of the cryostat with the superconducting 2G stack is positioned, as presented in Fig. 2(c) . In this illustration, three stacks made of 2G tapes were assembled in the cryostat. This type of linear motor was not previously presented in the literature.
In this context, this paper presents a new concept of superconducting linear motor (SLM) using 2G tapes stacks. The motor performance was evaluated by investigating the traction force. A small-scale test bench was built for experimental measurements and the problem was modeled in the terms of the finite element method (FEM) using the H-formulation. In order to take into account nonlinearities inherent to the superconducting materials, the power law was used to model the superconductor behavior [22] [23] [24] . The small-scale linear superconducting electric motor test bench is composed by a flat 2G tape stack with nine layers and a stator with Nd-Fe-B magnets, which produces the external magnetic field.
The formulation used here can be extrapolated to scale up the motor. Based in this simple experiment, some contributions can be highlighted, such as to prove the feasibility of superconducting linear machines using 2G tape stacks, to investigate the physical principles involved in the problem, and to test a model for future design of synchronous and hysteresis linear electric machines.
II. EXPERIMENTAL RIG
In order to estimate the torque of a superconducting electric machines operating with stacks of 2G tapes, a simple experiment setup was designed to represent a linear machine. This system is composed by two iron strips, Nd-Fe-B magnets, and a 2G tape stack, presented and schematized in Fig. 3 . The external magnetic field that is applied to the 2G tape stack is produced by a magnetic system composed by six pairs of Nd-Fe-B magnets (N38 type) that configure an alternate magnetic field in the gap. Each magnet is 20 mm long, 10 mm wide, and 5.0 mm thick. The gap between magnets has 4.0 mm, and it is where the magnetic interaction occurs: the magnetic channel (MC). The system allows the stacks of superconducting tapes to move vertically through the MC.
The stack used in this work is presented in Fig. 4 . It was manufactured with nine pieces of SF12050-AP 2G high temperature superconductor (HTS) tape produced by SuperPower in 2013. The 2G tape has an average critical current and n exponent at self-field and LN 2 of 281 A and 35, respectively, in self-field conditions. The stack has the following dimensions: 12 mm width, 510 μm thickness, and 30 mm length. During the stack production, epoxy resin was applied among each 2G HTS tape layer and the system was placed in a press in order to remove the adhesive excess and to minimize its thickness.
The transverse magnetic induction was measured in the MC using a proprietary Hall probe scanning microscopy. The result of the transversal measured magnetic flux density in the MC is presented in Fig. 5 . During the measurements, the sensor was positioned at a fixed y coordinate equal to 0 mm, just centered in the MC (see Fig. 3 ).
The experimental rig designed to measure the force between the stack and the permanent magnets has three parts well defined, which are indicated in Fig. 6 (a): (A) cryogenic deposit with magnets that create the magnetic field distribution and generate the forces; (B) block that performs a displacement of the superconducting tapes in vertical direction; and (C) force sensors capable to measure the vertical force applied over the superconducting tape.
The part "A" of the experimental system setup, see cylindrical tube (2) has one of its terminals connected to the bench and the other is attached to a copper press (3), which holds a thin steel plate (4) that is connected to the magnet system (5) in a fixed vertical position.
In this system, it is possible to perform field cooling (FC) or zero field cooling (ZFC) tests indistinctly, just changing the initial relative stack position during the cooling down process.
The part "B" of the system is a set of two stepper motors that move the superconducting stack vertically at constant velocity, while the force is measured continuously. An Arduino microcontroller was used to control the 2G tape stack position and speed. A range of velocities between 0.061 and 0.334 mm/s were explored.
The force applied over the stack is measured (part "C" of the system) using a load cell Utilcell Dat-400. This cell can be adjusted to not take into account the weight of the tape. The resolution of the load cell is lower than 0.20 g. Labview software was used to acquire the force and the position of the system. The force measurement results will be further presented.
III. MODELING THE PROPOSED PROBLEM
The system presented in the previous section was modeled by the H-formulation. The H-formulation has been applied in several works to calculate the current distribution in 2G tapes [22] [23] [24] . The small-scale superconducting machine was modeled in two dimensional (2-D) following the same procedures described in [25] and [26] . A constraint was defined to force a closed current loop, keeping the net current equal to 0 (I net. = ∫ JdS = 0). The constitutive relation between the electric field and the current density is established in the HTS domains
where ρ is highly nonlinear, E c is commonly adopted as 1 μV/cm, and the critical current density J c and n are the functions that can be obtained by the 2G tape manufacturer for a specific sample. Furthermore, the n exponent is field dependent with B, and this relation was considered using a curve obtained from a similar material, as done in [26] . This approach can be used for magnetic inductions in the range of 0-1 T, presenting n = 20-25 at 77 K [27] . The above equations were solved by COMSOL software using the FEM. Additionally, rotational first-order edge elements were used to reach a faster convergence of the partial differential equations. As presented in Fig. 7(a) , the experimental rig was modeled in 2-D using a reduced domain, which can be seen in more details in Fig. 7(b) . In order to do that, the magnetic field at the boundary conditions of the simulation domain must be computed at each time step and applied as Dirichlet boundary condition. In the domain boundaries, the magnetic field has an external (ext) component produced by the permanent magnets outside the simulation domain, and a component due to the induced currents in the superconductors (HTS) [25] .
The applied external field was computed by analytical equations, considering two opposites current layers for each permanent magnet, such as done in [25] . The 12 permanent magnets were modeled analytically (applying Biot-Savart's law) by the current surfaces presented in Fig. 7 , and the respective magnetic induction was considered in the external boundary of the computing domain. Here, the soft ferromagnetic material was not represented in the formulation; however, the simulated magnetic flux density results were adjusted to fit with the measurements of Fig. 5 by increasing the thickness and the current for each magnet. The comparison between the simulated and measured results is presented in Fig. 8 after adjustments. To simulate the relative movement between the 2G tape stack and the external field, a linear constant speed function with the time was inserted into the magnetic induction profile presented in Fig. 8 . During this movement, currents are induced in the 2G stack region as a solution of the problem. Finally, the force can be calculated by Lorentz's force equation. Table I presents the parameters used to simulate the 2G tapes and the HTS stack. The superconductor material was approximated as an isotropic material, and the critical current density dependence with the applied field was obtained by the manufacturer measurements. The same procedure was successfully applied in previous work [26] . The simulated results will be compared with the measured ones in the next section.
IV. MEASURED AND SIMULATED RESULTS
The simulations and measurements were performed using the procedures described in the two previous sections. Here, the homogenization technique of the 2G tape stack was used [24] , considering 1, 3, and 9 domains for comparison. A constraint was applied in each domain forcing the net current in the obtained from the literature, considering only the displacer mass. To make this comparison more realistic, the displacer force and force density are estimated for the HTS 2G stack motor, including the mass of other materials used in this displacer. The estimation is made based in the didactic illustration presented in Fig. 2 , having 308 mm length. An estimated force for this motor is 2240 N, obtained from extrapolation of measured results, considering the displacer with three stacks in parallel having 90 2G HTS tape pieces each.
The calculated displacer mass is 4.5 kg, considering G10 as the cover plate, stainless steel for the cryostat external wall, and copper for the heat transfer material. The force density in the proposed motor is much higher than in all other presented technologies. For those simulations, a personal computer with the following specifications was used: processor i7, clock 3.9 GHz, and memory RAM of 16 Gb. The FEM mesh in the superconducting region was made with rectangular elements. It had 50 divisions along the 30 mm length, and along the thickness. The number of divisions was changed in accordance with the number of domains adopted: three divisions along the thickness for 1 and 3 domains and nine divisions for 9 domains. The simulation time for 1, 3, and 9 domains are, respectively, 30, 80, and 135 min approximately.
As can be observed in the results of Figs. 9 and 10, the simulated results are in agreement with the measurements. In the worst case, the relative discrepancy was inferior to 8.5%. The force results for simulations with 1, 3, and 9 domains were practically the same, but with only 1 domain the result was calculated almost 4 times faster than in 9 domains. Some small discrepancies were found between simulated and measured results in the region of the minimal values, which can be explained by the fact that the adjustment in the magnetic field presented in Fig. 8 was performed only for the transversal field, neglecting its perpendicular component. Besides, the approximation of the superconducting tape as an isotropic material could have some influence in this small discrepancy.
In Fig. 11 , it is shown the force generated in two cases: ZFC and FC. In the first case (ZFC), the sample starts to move to right being its leftmost edge at position x = −35 mm (axis in Fig. 3) , with the rightmost edge at 5 mm from the MC boarder. In the second case (FC), the sample is cooled down when it is placed at position x = 3.5 mm, right near the center of first (from left) pole of the MC. When the stack is moved to right in ZFC case, entering the MC, it starts to be magnetized from the right side. When the stack is displaced, step by step to the right, the magnetized zone increases and at the same time starts its magnetization cycling under the cycling field, pole by pole, generating the force profile shown in Fig. 11 . In this case the force is increased when the stack penetrates in the MC, at a constant level when it is fully inside, and decreasing when exiting the MC.
In an FC process, when the stack is cooled down, the force is zero. The magnetic field is fully trapped by the stack. When moving to the right, the stack, now fully magnetized, is subjected to the oscillating field, starting each part to be cycled accordingly with its hysteretic properties. The developed force changes according to the interaction at the edges, leading to the curve shown in Fig 11. It is worth remarking that the coincidence of the profiles when both samples are fully inside the MC, only can occur if both are identically magnetized. This fact points out that the ZFC magnetization process has achieved the saturation as expected taking in account the flux density of the field applied.
After comparing the simulated results with some experiments, the model was extrapolated to investigate some specific parameter influence in the results, keeping all the other parameters fixed. The first parameter that was investigated was the n exponent in the power law, as presented in Fig. 12 . For those simulations the critical current is 270 A and the speed was 0.344 mm/s. It is possible to note that stacks made with 2G tapes having a smaller n exponent can have a slightly higher force. Fig. 12 presents in its detail the normalized mean force results in relation with the mean force for n = 10. The mean force here was calculated considering all the values between x = 0 and 25 mm. Compared with the n = 10, the mean force had a decay of almost 8%. It should be also considered that the dependence with n is very weak, as shown in Fig. 12 . It is well stated that a change of n from 20 to 50 affects in less than a 3% the force. It is also relevant to take into account that the measurement of the n value is somewhat noisy due to the weak dependence of most of the measurements available with n when its value is larger than 20. Also, we should consider that n measured in coated conductors is not an intrinsic parameter of the superconducting material because the stabilizing layers, like copper or silver, cooperate in the electrical transport just in the transition.
It should be noted that the fluctuation in the force is an effect of the sample size, which is smaller than the MC length and generates different magnetic interaction in the edges. If the sample was much larger than the magnetic field periodic region, it would be expected a constant force for each speed. Fig. 13 presents the simulated force results for tapes with several critical current values, n = 35 and v = 0.344 mm/s. By this figure, it seems that the force varies linearly with critical current. This information can be confirmed by Fig. 14, which shows the normalized mean force result in relation with the mean force result for a critical current of 150 A. The influence of the relative speed between the 2G tape stack and the travelling magnetic field in the force result was also investigated. For a critical current of 281 A and n = 35, the force was calculated in the stack for several speeds of the traveling magnetic field, starting at 0.5 mm/s and a maximum velocity of 50.0 mm/s, as presented in Fig. 15 .
Previously, Figs. 9 and 10 have shown the agreement between experimental and simulated force results for two different speeds. For this reason, the simulated results have been extrapolated for a large range of speeds, as presented in Fig. 15 .
In Fig. 16 , it can be checked that the behavior in both cases is logarithmic, but with different slopes. In fact, it could be an experimental method to determine the n value of a sample measuring the forces as the function of the velocities. From the physical point of view, this behavior can be attributed to the flux creep effect, since at higher speeds the time for the flux relaxation is smaller and the force do not decay as much.
V. CONCLUSION
A novel configuration for a linear superconducting motor was presented in this paper. This motor is composed by a stator, which produces a traveling magnetic field wave, and a stack of 2G tapes. The main motivation for this work was to investigate the feasibility of this kind of linear motor.
A simple experiment was proposed to measure the produced magnetic force in a 2G tape stack due to an external coherent multipolar magnetic field passing through it. In order to achieve the desired external magnetic field profile, several NdFe-B permanent magnets and soft ferromagnetic bars were used. Two stepper motors control the relative movement between the 2G stack and the external field, while a load cell measures the force. By the presented results a mean force density of about 5 N/g was obtained for this kind of machine. This value is much higher than the force density achieved in conventional linear motors.
Experimental results were compared with 2-D simulations using the H-formulation implemented by FEM, leading to a maximum relative error of 8.5%. The model was extrapolated and some parameters were changed to investigate their influence into the force. It was observed that the n exponent has small influence on the force. Also, this force was higher for smaller values of n. The simulated force increases linearly with the 2G tape critical current. Finally, a logarithmic dependence between the force and the traveling field speed was observed.
By the simulated and measured results, it can be concluded that 2G tape stacks have potential to be used in superconducting electric linear motors. Furthermore, the applied model can be used in order to scale up the SLM to several applications. An estimated force density of almost 500 N/kg was obtained for the displacer. This value is much higher than any technology found in the literature.
